Background: Alcohol consumption is associated with intestinal injury including intestinal leakiness and the risk of developing progressive gastrointestinal cancer. Alcoholics have disruption of intestinal barrier dysfunction that persists weeks after stopping alcohol intake, and this occurs in spite of the fact that intestinal epithelial cells turn over every 3 to 5 days. The renewal and functional regulation of the intestinal epithelium largely relies on intestinal stem cells (ISCs). Chronic inflammation and tissue damage in the intestine can injure stem cells including accumulation of mutations that may result in ISC dysfunction and transformation. ISCs are a key element in intestinal function and pathology; however, very little is known about the effects of alcohol on ISCs. We hypothesize that dysregulation of ISCs is one mechanism by which alcohol induces long-lasting intestinal damage.
O NE OF THE consequences of chronic alcohol ingestion in human and rodents is disruption of intestinal barriers which can lead to endotoxemia and gut-derived local and systemic inflammation. This pathological condition appears to be critical for development of alcohol-associated pathologies such as alcoholic liver disease and malignancy in subset of alcoholics (Ferrier et al., 2006; Purohit et al., 2008; Tang et al., 2008; Wang et al., 2010; Wood et al., 2013) . The detrimental consequences of alcohol consumption on intestinal barrier integrity can persist long after alcohol consumption ceases, despite the fact that the entire epithelial cell lining of the intestine is turned over approximately every 2 to 3 days. These clinical and experimental observations lead us to examine the impact of alcohol on intestinal stem cells (ISCs) which have the potential to mediate the long-term consequences of alcohol on intestinal barrier functions.
The renewal and functional regulation of the intestinal epithelium largely relies on ISCs. Chronic inflammation and tissue damage can injure ISCs, including accumulation of mutations, which may result in ISC dysfunction and transformation. These changes would be expected to result in the long-lasting effects that are observed including changes in intestinal barrier integrity and cancer. Therefore, it is not surprising that ISCs play a critical role in the pathogenesis of many digestive diseases (Hammoud et al., 2013; Moossavi et al., 2013; Sato and Clevers, 2013; Sun, 2011) .
We hypothesized that dysregulation of ISCs is achieved via alterations in the Wnt/b-catenin pathway. The Wnt gene family, consisting of 19 members in mammals, is implicated in the regulation of a wide variety of normal and pathological processes, including embryogenesis, differentiation, and carcinogenesis (Katoh, 2007) . The canonical Wnt pathway exists upstream of the b-catenin pathway and can stabilize b-catenin, which in turn enters the nucleus to regulate Wnt pathway target genes (Haegebarth and Clevers, 2009 ). b-catenin translocates to the nucleus, where it binds T-cell factor transcription factors, thus activating target genes, such as cyclin D1 for proliferation and Lgr5 marker of ISCs (Li and Clevers, 2010) . Lgr5 is required to maintain adult intestine epithelial proliferation and crypt architecture (Kuhnert et al., 2004; de Lau et al., 2007; Muncan et al., 2006; Pinto et al., 2003) .
Using both in vivo mouse model and ex vivo organoid techniques, we showed that (i) alcohol significantly changed the expression of stem cell markers in the small intestine, such as Lgr5, and (ii) alcohol induces dysregulation of the bcatenin signaling, an essential mediator of its target gene Lgr5 and function of ISCs.
MATERIALS AND METHODS
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Animal Models
Studies used 6-to 8-week-old wild-type C57BL/6J male mice (Jackson Laboratory, Bar Harbor, ME). Male mice were individually housed and were fed either a control or an alcohol-containing diet as described previously (Summa et al., 2013) . The diet consisted of a 2-week introduction and gradual increase in alcohol dose, followed by 8 weeks on the full alcohol concentration (29% of total calories, 4.5% v/v). Control mice were fed an isocaloric liquid diet in which the calories from alcohol were replaced with dextrose. The diet was prepared daily and provided to mice in individual graduated sipper tubes (Bio-Serv, Frenchtown, NJ) for monitoring daily food intake. Mice were euthanized, and small intestinal tissue was collected for the indicated analysis.
Mouse Small Intestinal Organoids Culture and Treatment with Alcohol
The mouse small intestine organoids were prepared and maintained as we previously described (Zhang and Sun, 2016; Zhang et al., 2014) . Mini gut medium (advanced DMEM/F12 supplemented with HEPES, L-glutamine, N2, and B27) was added to the culture, along with R-Spondin, Noggin, and EGF. Organoid cells (6 days after passage) were treated with 0.2% alcohol. The shape of organoids, including budding and the total area of the organoid cultures, was examined. Each condition was examined in triplicate with multiple (>10) organoids in each sample (Zhang and Sun, 2016; Zhang et al., 2014) .
Immunoblotting
Mouse intestine tissues were lysed in lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris [pH 7.4], 1 mM EDTA, 1 mM EGTA [pH 8.0], 0.2 mM sodium orthovanadate, protease inhibitor cocktail), and the protein concentration was measured. Equal amounts of proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and immunoblotted with anti-Bmi1 (Abcam, Cambridge, MA), anti-p-b-catenin (ser 552) (Cell Signal, Beverly, MA), b-catenin (BD Biosciences, San Jose, CA), anti-Lgr5 (Abcam), and PCNA antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA) as previously described (Liao et al., 2008; Ye et al., 2007) .
Real-Time Quantitative PCR Analysis
Total mRNA was extracted from scraped mouse colonic epithelial cells using TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). cDNA was then subjected to real-time PCR (SYBR Green PCR kit; Bio-Rad) with primers (Table 1) . Percent expression was calculated as the ratio of the normalized value of each sample relative to that of the corresponding untreated control cells. All real-time PCRs were performed in triplicate.
Immunofluorescence
Small intestinal tissues were freshly isolated and embedded in paraffin wax after fixation with 10% neutral buffered formalin. Tissue samples were processed for immunofluorescence as described previously (Liao et al., 2008) . The slides were stained with anti-Lgr5 (Abcam) antibody. Samples were mounted with SlowFade (SlowFade Ò AntiFade Kit; Molecular Probes, Rockford, IL) followed by a coverslip, and the edges were sealed to prevent drying. Specimens were examined with a Leica SP5 Laser Scanning confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL).
Immunohistochemistry
Small intestinal tissues were fixed in 10% buffered formalin and processed the next day by standard techniques, as previously described (Liu et al., 2010; Lu et al., 2012 Lu et al., , 2014 Ye et al., 2007) . The slides were stained with anti-Bmi1 (Abcam), or anti-p-b-catenin (ser 552) (Cell Signal), b-catenin (BD Biosciences), cyclin D1, and PCNA antibodies (Santa Cruz Biotechnology Inc.).
Statistical Analysis
Data are expressed as mean AE SD. Differences between 2 samples were analyzed by Student's t-test. Differences among 3 or more groups were analyzed using ANOVA with GraphPad Prism 5 (La Jolla, CA). p-Values of 0.05 or less were considered statistically significant.
RESULTS
Alcohol Feeding Decreased ISC Markers in the Small Intestine
Using small intestine tissue collected from alcohol-fed or control-fed mice, we examined the expression of ISC . Chronic alcohol feeding significantly decreased the mRNA expression and protein levels of Lgr5 and Bmi1 in the small intestine of alcohol-fed compared to control-fed mice (Fig. 1A) . Likewise, immunostaining showed less intense Lgr5 and Bmi1 staining in the small intestine of alcohol-fed compared to control-fed mice (Fig. 1B) . To further confirm the ISC change between control and alcohol-fed mice, immunofluorescence and immunohistochemistry (IHC) were used to detect Bmi1 gene. Bmi1 was decreased in small intestine of alcohol-fed mice compared to control mice (Fig. 1C) . Immunofluorescence study also showed the reduced Lgr5 in alcohol-fed small intestine (data not shown). Thus, chronic alcohol feeding in mice reduces both Lgr5 and Bmi1 in stem cells in the small intestine.
The p-b-catenin (ser552) is a known marker of ISCs that has a nuclear distribution (He et al., 2007) . Interestingly, IHC data showed that the alcohol-fed mice had less p-b-catenin (ser552) in the small intestine than the control-fed mice ( Fig. 2A) with a significant decrease in the number of nuclear b-catenin-positive cells per crypt in the alcohol-fed mice compared with the control mice (Fig. 2B ). These IHC data were confirmed via Western blotting which showed that chronic alcohol feeding decreased p-b-catenin (ser552) in the mouse small intestine (Fig. 2C) . PI3K-induced b-catenin signaling and Akt-mediated b-catenin signaling are required for progenitor cell activation (Lee et al., 2010; Liu et al., 2014; Ormanns et al., 2014; Regmi et al., 2015; Tenbaum et al., 2012) . The activation of p-b-catenin (ser552) occurs via the Akt pathway; thus, we examined Akt as an important factor that contributes to phosphorylation of b-catenin. We found significant difference of p-Akt in the alcohol-exposed intestine, whereas alcohol-exposed induces slightly lower total Akt protein in the intestine, compared to the control intestine without alcohol. There is no significant change of total Akt at the mRNA level in the small intestine without alcohol (Fig. 2D ).
Cyclin D1, Target Gene of b-Catenin, and Proliferation Were Decreased by Alcohol Feeding in Small Intestine
We then examined the b-catenin pathway in alcohol-fed or control-fed mice including the expressions of b-catenin at the mRNA and protein levels, its target gene cyclin D1, and proliferation marker PCNA (Fig. 3) . At the mRNA level, we did not see significant difference of b-catenin mRNA in small intestine between alcohol-fed or controlfed mice (Fig. 3A) . At the protein level, we did find significant difference of b-catenin in small intestine between alcohol-fed or control-fed mice (Fig. 3B) . We further examined the target gene cyclin D1 of the b-catenin pathway. The protein level of cyclin D1 was decreased in small intestine exposed to alcohol (Fig. 3B) . By IHC, we found decreased cyclin D1 staining in the alcohol-fed mouse small intestine (Fig. 3C, cyclin D1 ). Lgr5 is required to maintain adult intestine epithelial proliferation and crypt architecture (Li and Clevers, 2010) , and activating target gene cyclin D1 is also for proliferation. Moreover, we measured the proliferation marker PCNA and found its significant reduction by alcohol exposure at the protein level (Fig. 3B, PCNA) . Proliferative cells were reduced by alcohol feeding in small intestine (Fig. 3D PCNA) . Taken together, the change of bcatenin pathway appears to be due to a post-transcriptional even (e.g., phosphorylation) and activation of the b-catenin target genes because there was no change of b-catenin mRNA in the alcohol-fed mouse intestine.
Alcohol Decreased the Growth of Organoids, and Decreased Lgr5, p-b-Catenin (ser552), and Bmi1 Expression in Organoids
To rule out confounding factors that may contribute to the ISC dysregulation in vivo, we established an in vitro crypt cell culture organoid model and exposed the culture to 0.2% alcohol. We observed the growth of organoids for 7 days and found that alcohol exposure significantly reduced the growth of organoids, including budding, and total area of the organoid cultures (Fig. 4A) . We then investigated the expressions of Lgr5, p-b-catenin (ser552), and Bmi1. Alcohol significantly decreased the expression of Lgr5, p-b-catenin (ser552), and Bmi1 at the protein (Fig. 4B) and RNA (Fig. 4C ) levels. These observations are consistent with the in vivo data, suggesting that ISCs are negatively impacted by chronic alcohol. This organoid model also indicates the feasibility to study intestinal alcohol exposure in an enteroid (organoid) model.
DISCUSSION
In the current study, we showed alcohol-induced aberrant ISCs, using a well-established model of alcohol-induced gut leakiness in mice. We have further established an organoid model for alcohol studies of ISCs ex vivo and showed that alcohol disrupts ISC homeostasis, in part, through the bcatenin pathway.
Alcohol causes numerous detrimental effects on the intestine: (i) Alcohol damages the intestinal epithelial barrier resulting in hyperpermeability (Summa et al., 2013) which promotes alcoholic liver disease and other inflammationmediated diseases (Ferrier et al., 2006; Purohit et al., 2008; Tang et al., 2008; Wang et al., 2010; Wood et al., 2013) ; and (ii) alcohol induces several signaling pathways in intestinal epithelial cells, including epithelial mesenchymal transition, and induces susceptibility to colon cancer Mutlu et al., 2009; Wimberly et al., 2013) . The injurious effects of alcohol on the intestine are longlasting, persisting weeks after abstinence from alcohol consumption. Thus, investigating the mechanism by which alcohol causes such detrimental effects on the intestine is warranted.
Our in vivo and in vitro data all show that alcohol exposure leads to decreased stem cell markers. We have chosen to study Lgr5 and Bmi1 because they are well-established markers of ISCs. Lgr5 and Bmi1 are known to have distinct roles in regulating a subgroup of ISCs (Yan et al., 2011) . Adult stem cell niches are often co-inhabited by cycling and quiescent stem cells. In the intestine, lineage tracing has identified Lgr5+ cells as frequently cycling stem cells, whereas Bmi1+, mTert+, Hopx+, and Lrig1+ cells appear to be more quiescent (Roth et al., 2012) . Lgr5 marks mitotically active ISCs that exhibit exquisite sensitivity to canonical Wnt modulation, contribute robustly to homeostatic regeneration, and are quantitatively ablated by irradiation. In contrast, Bmi1 marks quiescent ISCs that are insensitive to Wnt perturbations, contribute weakly to homeostatic regeneration, and are resistant to high-dose radiation injury (Yan et al., 2011) . Our data also indicate that b-catenin is one mechanism that contributes to the dysregulated ISCs. Alcohol suppresses proliferation of ISCs through dysregulation of b-catenin, as an essential fate-determining factor of alcohol-induced ISC dysfunction. Our finding that alcohol affects b-catenin signaling in ISCs is similar to the prior study that showed ethanol affects differentiation-related pathways and suppresses Wnt signaling protein expression in human neural stem cells (Vangipuram and Lyman, 2012 ).
In the current study, we have selected the small intestine as a well-validated and appropriate model to investigate our hypothesis. In the small intestine, a crypt and villus represent the fundamental repetitive unit (Li and Clevers, 2010; Yen and Wright, 2006) . The crypt is the proliferative compartment, composed of 250 to 300 cells in constant, active proliferation, and generates all the cells required to renew the entire intestinal epithelium in 2 to 3 days in mice. ISCs are located just above Paneth cells, in a permissive microenvironment within the first 4 to 5 cell positions from the bottom of the crypt, with some ISCs interspersed among the Paneth cells (Li and Clevers, 2010; Yen and Wright, 2006) . Each crypt has about 30 pluripotent stem cells. The G proteincoupled receptor Lgr5 and the Polycomb group protein Bmi1 are 2 molecular markers of self-renewing and multipotent adult stem cell populations, capable of supporting regeneration of the intestinal epithelium Sangiorgi and Capecchi, 2008) . Therefore, the small intestine is one of the best models for studying adult stem cells in healthy and diseased states. The organoids derived from stem cells in small intestine act as a bridge between in vivo and in vitro systems. Organoids contain the full complement of stem, progenitor, and differentiated cell types (Sato et al., 2009 ). It provides a novel and powerful ex vivo model for studying stem cell biology. Change of Lgr5 and the b-catenin pathway in organoids after alcohol treatment is consistent with our observations in vivo. Our study indicates the feasibility to use organoids to investigate the effects and mechanism of alcohol-induced injury on ISCs. Moon and colleagues (2014) reported that alcohol-induced hypermethylation of ADHFE1, decreased its expression, and stimulated cell proliferation of colon cancer cells (e.g., HT-29, SW480, and DLD-1 cells). This suggests that the effect of alcohol on intestinal epithelial cell proliferation could be complicated. Future studies will also investigate the changes in the colon exposed to alcohol and potential effects of microbiome.
Intestinal stromal cells actively support the intestinal epithelium and are phenotypically modulated during inflammation (Owens and Simmons, 2013) . There is increasing interest in the therapeutic potential and immune function of mesenchymal stem cells (MSCs), often referred as "mesenchymal stromal cells." A better understanding of MSC function is likely to be beneficial in intestinal stromal cell biology, particularly in delineating stromal cell differentiation and modulating resident mesenchymal cell abundance/ function for alcohol injury and other intestinal diseases.
In summary, our studies on ISCs in the mouse model and organoids provide unique and fundamental insights into alcohol-induced injury on the intestine: alcohol disrupts ISC homeostasis, in part, through the b-catenin pathway (Fig. 5) . Insights gained from understanding how the Wnt pathway is integrally involved in stem cell maintenance and growth in the intestine may serve as a paradigm for understanding the dual nature of self-renewal signals (Reya and Clevers, 2005) .
Investigating how the b-catenin pathway is altered by alcohol may provide critical insight into alcohol-induced effects on ISC function and pathology. Further studies on alcoholinduced injury in ISCs possibly shed light on the association between alcohol consumption and intestinal cancer, as well as alcohol-induced gut leakiness and gut-derived inflammation that is involved in alcohol-induced pathologies.
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